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1. ABSTRACT

The incidence and prevalence of Crohn’s disease
and ulcerative colitis, the two major forms of inflammatory
bowel disease (IBD), are rising. According to some
estimates >1 million new cases of IBD arise in the United
States annually. The conventional therapies available for
IBD range from anti-inflammatory  drugs to
immunosuppressive agents, but these therapies generally
fail to achieve satisfactory results due to their side effects.
Interest in a new therapeutic option, that is, biological
therapy, has gained much momentum recently due to its
focus on different stages of the inflammatory process. Stem
cell (SC) research has become a new direction for IBD
therapy due to our recent understanding of cell populations
involved in the pathogenic process. To this end,
hematopoietic and mesenchymal stem cells are receiving
more attention from IBD investigators. The intestinal
environment, with its crypts and niches, supports incoming
embryonic and hematopoietic stem cells and allows them to
engraft and differentiate. The above findings suggest that,
in the future, SC-based therapy will be a promising
alternative to conventional therapy for IBD. In this review,
we discuss SCs as potential therapeutic targets for future
treatment of IBD.
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2. INTRODUCTION

Inflammatory bowel disease is an autoimmune
disease associated with uncontrolled innate and adaptive
immunity. IBD is defined by an inflammation of the
gastrointestinal tract, associated with unrestrained immune
response with increased abnormal T cell activity. This is
the central feature of this disease. Based on clinical features
and histopathology, IBD encompasses at least in two forms,
ulcerative colitis (UC) and Crohn’s disease (CD). UC is a
superficial ulcerative disease affecting the colon, whereas
CD is a transmural disorder involving the entire
gastrointestinal tract, from the mouth to the anus
(Figure.1A, B) (1). Both forms of IBD can increase the
incidence of gastrointestinal and colon cancers, and both
are associated with significant morbidity and mortality
worldwide. In addition, both can begin early in life and
persist for long periods. There are significantly more cases
reported in Western countries than in other parts of the
world. Estimates indicate more than 1 million new cases of
IBD in the United States annually, with 50% involving UC
and 50% involving CD (1-7). IBD represents a significant
burden in the US, resulting in over 700,000 doctor’s visits
and 100,000 hospitalizations per year at a cost of $1.8
billion annually (7-9). The increased frequency of IBD



Stem cells in inflammatory bowel disease

A. Crohn's disease

Stomach

Gall bladdet e

Small inles:rinf
T

— Large intestine

(colon)

B. Ulcerative colitis

Figure 1. Inflammatory Bowel disease. (A) Crohn's disease (CD): in which the inflammation of the entire digestive tract, from
mouth to anus. The inflammatory processes appear mostly in the lower part of the small intestine. (B) Ulcerative colitis (UC): the

inflammation is limited to the area of the colon.

observed consistently in the industrialized world may be
linked to changes in the gastrointestinal microbiota that
affect the immune system and influence the risk of IBD.
The pathogenesis of IBD is complex and multifactorial.
The exact causes of IBD remain unclear, but the infiltration
of leukocytes, such as neutrophils, monocytes, and
lymphocytes, into the intestinal mucosa is believed to be
critical in the formation of mucosal lesions via increased
production of proinflammatory cytokines and via
inflammatory mediators (10, 11). Familial clustering of
IBD and higher concordance rates in monozygotic twins
than dizygotic twins, particularly of CD, points to the
importance of genes in IBD (12). Further, epidemiological,
molecular, and recent genome-wide association studies
collectively suggest that IBD is a polygenic disease. There
are more than 50 confirmed IBD-associated genes (13). It
has been shown that genetic susceptibility to IBD in
humans is associated with variations in genes that encode
proteins relevant to both innate and adaptive immunity,
including IL23R, IL12B, NKX2-3, BSN, TLR4, CCNY,
JAK2, and STAT3 (14-16). Several genes involved in
different aspects of bacterial handling are defective only in
CD, including NOD2 and the autophagy genes ATG16LI
and /RGM (13, 16-18). The genes HERC2, STAT3, and
PTPN2 and two DRBI alleles in the MHC region are
associated only with UC (18). However, the cumulative
evidence suggests that genetic, environmental, microbial,
and immunological factors contribute to development of
IBD (19-40). It is believed that in CD, the cellular
response, with increased activation of CD4" T cells mostly
differentiated into a T helper type 1 (Thl) subpopulation,
increases the amount of cytokines, which has a significant
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impact on the course of disease progression. The severe and
continuous inflammation is able to disrupt the intrinsic
repair system, leading to refractory ulcers in the gut.
Treatment is sometimes effective for mild cases of IBD, but
for the most severe cases, treatment options are very
limited.

Advances in the understanding of the cell
populations involved in pathogenic processes and recent
findings on the regenerative and immunoregulatory
potential of SCs have opened up a new direction for IBD
therapy. SCs hold promise for treatment in a variety of
degenerative diseases and cancers (41-44). In the present
review, we will discuss the current findings for IBD
therapy, including SC-based therapies.

3. CLINICAL FEATURES
HISTORY OF IBD

AND NATURAL

The clinical and pathological features of IBD depend on the
genetic background and alteration of immunoregulatory
molecules in the host (19-40). These factorial conditions
support the current belief that different and independent
alterations cause IBD and that UC and CD are
heterogeneous  disorders with multiple pathogenic
mechanisms. The inflammatory process in UC is confined
to the mucosa and superficial sub-mucosa of the large
bowel, and the histopathological features of UC account for
the symptom of bloody diarrhea. Nonetheless, a small
number of patients with UC suffer from constipation, even
during heightened episodes of disease activity. The severity
of this disease is generally proportional to the extent of
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Table 1. Distinguishing features of ulcerative colitis
versus Crohn’s disease
Features CD ucC
Anatomic location Skip Continuous
Site of disease Any part of GI tract Colon only
Age 20-30, 40-50 20-40
Gender No gender preference Male
predilection
Bleeding Absent Common
Etiology Possibly autoimmune Not known
Abscesses Common Rare
Fissuring Common Rare
Fibrosis Common Rare
Fistulas Common Rare
Submucosal Common Rare
inflammation
Small bowel involvement | Common Rare
Colon involvement Usually Always
Rectal involvement 20 % 100%
Terminal Ileum | Common Rare
involvement
Perianal involvement Common Rare
Wall thickening Yes Yes
Increased wall | Yes Yes
enhancement
Mucosal inflammation Deep Shallow
Cobblestoning of mucosa | Common Rare
Submucosal Yes No
inflammation
Mucosal friability Rare Common
Vascular pattern Normal Absent
Fat wrapping Common Rare
Strictures Common Rare
Sirositis Yes No
Neuronal Hyperplasia Yes No
Risk associated with | High Low
smoking
Surgical cure Never Possible
Cytokine response Associated with Thl, | Associated
Tul7 with Tp2
Colorectal cancer risk Less More common

bowel involvement and the intensity of inflammation. IBD
symptoms that may occur in UC patients include fever,
vomiting, perianal disease, fistulas, rectal bleeding, weight
loss, and anorexia (16-18).

CD usually presents with diarrhea, abdominal
pain, and/or weight loss; CD exhibits a complex
inflammatory process and is more variable in its clinical
manifestation than UC. The illness characteristically
waxes, wanes, and is not diagnosed for many years. Active
disease is characterized by leukocyte infiltration in which
macrophages and lymphocytes predominate. In CD,
transmural involvement is common; aphthoid ulcers can be
seen overlying dense areas of lymphoid tissues. The
aggregation of macrophages leads to the development of
non-caseating granulomas in about 50% of patients.
Collagen deposition is common and may contribute to the
formation of strictures. These inflammatory processes in
CD can extend beyond the gastrointestinal tract, e.g.,
formation of fistulas. Fistulas can be either external
(enterocutaneous or perianal) or internal. The estimated
incidence of fistulas in patients with CD is about 35% (16-
18, 45). Perianal disease and fistulas can lead to fecal
incontinence, abscess formation, and anal strictures. The
diverse sites of tissue involvement and varying extent of
inflammation cause a wide spectrum of clinical
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manifestations. For example, several mechanisms can
contribute to diarrhea, including partial bowel obstruction,
mucosal destruction, malabsorption of bile salts, bacterial
overgrowth, rapid transit of fistulas, and the secretory
effects of inflammatory mediators. Furthermore, patients
with long-standing, advanced IBD are at risk for colorectal
cancer and should undergo regular colonoscopies, biopsies,
and follow-up care. The distinguishing features of CD and
UC with respect to pathology, complications, risk factors,
and histology are summarized in Table 1 (19-40).

4. CELLULAR AND MOLECULAR MECHANISMS
OF IBD

IBD may be the result of enhanced
abnormalities of the immune system and normal gut flora
(46) or an overall autoimmune deregulation and imbalance
of helper T cells (47-51). The intestinal mucosa is normally
maintained in a state of balanced inflammation in which
there is equilibrium between protective immunity and
tolerance to self-antigen and commensal bacteria.
Regulatory T lymphocytes (Tregs) are known to play an
important role in limiting inflammation in response to
nonpathogenic antigens, and defects in this subset of T cells
have been implicated in the pathogenesis of IBD (35, 52). It
is still unclear whether the immune system is deregulated
due to an intrinsic defect or due to continued stimulation
resulting from a change in the epithelial mucosal barrier.
Penetration of bacteria through the mucosal barrier may be
the cause of immune stimulation that results in direct
interaction between dendritic cells and lymphocyte
populations that can promote a classic adaptive immune
response. Alternatively, the bacterial population may
stimulate the surface epithelium, possibly through receptors
that are components of the innate immune response system.
As a result, the epithelium produces cytokines and
chemokines,both of which recruit and activate mucosal
immune cells (Figure. 2). Activation of antigen-presenting
cells (APCs), such as dendritic cells, or direct stimulation
promotes the differentiation of Thl in patients with CD or,
possibly, T helper type 2 (Th2) cells, which are associated
primarily with UC (Figure. 2).

It has been suggested that CD is Th1-mediated
process in which IL-23 is overproduced by lamina propria
(LP), macrophages and T cells (53-56). There is a
consensus that the mucosa of CD patients is dominated by
Thl cell producing inflammatory cytokines (46, 47, 49).
Considerable data also support the alternative etiologic
hypothesis that a poorly regulated immune response to
antigens present in the gut lumen of IBD patients drives
this disease (46, 47, 49, 52, 57). Substantial progress has
been made in characterizing the immune cell population
and extent of inflammation in patients with IBD as well as
in murine models. There is reasonable consensus that the
mucosa of patients with established CD is dominated by
CD4" lymphocytes with a Thl phenotype that is
characterized by the production of IFN-gamma by LPT
cells and IL12 by LP macrophages. In contrast, it is
possible that the mucosa of patients with UC is dominated
by CD4" lymphocytes with a Th2 phenotype characterized
by the production of transforming growth factor (TGF)-
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Figure 2. Stem cells in Inflammatory Bowel disease.

beta, IL5 and IL13 (54, 58). Nevertheless, both
CD and UC share critical end-stage pathways, as shown by
the enhanced production of IL21 and IL23 in both disorders
(59, 60). Hence, the two major forms of IBD are the result
of poorly regulated or excessive T helper responses. It is
likely that these inappropriate T cell responses to antigenic
components of the intestinal microflora result in
dysfunctional mucosal immunity (or tolerance) that
normally drives (or regulates) responses to microbial flora
(61-63). However, it has recently been found that 1L23-
driven Th17 cells also play an important role in chronic
IBD (64). Additionally, Th17 cell-associated cytokines,
surface molecules, and transcription factors (IL6, IL17,
IL23R, IRF4, STAT3, and RORA) were increased in CD4"
T cells isolated from patients with both CD and UC (64,
65). Furthermore, a local increase in special CD14"
CD209" macrophages in the intestine has been found in CD
(66). The CD14" macrophages in CD produce excessive
IL23 in response to exposure to enteric bacteria, and the
IL23 acts on T cells and natural killer (NK) cells that
promote IFN-gamma production.
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5. WHY IBD NEEDS BIOLOGICAL THERAPY

While the causes of human IBD remain
unknown, the two major forms are defined by their clinical,
pathologic, radiologic, and endoscopic characteristics (1).
Recent clinical observations suggest that genetic factors
significantly contribute to IBD susceptibility. There are
wide variations in the incidence and prevalence of CD and
UC among different populations. Multiple studies suggest
that the absolute risk of IBD is approximately 7% among
first-degree family members (67).The conventional therapy
for IBD quite commonly fails to produce satisfactory
results. Moreover, conventional therapy involves many side
effects, which turn into more complications at later stages
of the disease. Several biological therapies have been
developed for treatment of CD, including adalimumab,
infliximab, and certolizumab pegol, each of these
antagonizes TNF-alpha and has been shown to decrease the
clinical severity of the disease. Below we will discuss the
currently available biological therapies, their drawbacks,
and SC transplantation therapy for IBD.
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Table 2. New therapies in development or clinical evaluation for the treatment of IBD

Target of drugs developed cell subset Company Disease
Th1/Th2
Anti-interferon-gamma Ab Protein Design Lab CD
Anti-interleukin-2 receptor Ab Protein Design Lab UC
Anti-interleukin-12 Ab Genetics Institute CD
Interleukin 10 Schering Plough CD
Leukocytes Adhesion
Anti-alpha4 integrin Ab (natalizumab) Elan & Biogen Pharma. CD&UC
Anti-alpha4beta? integrin Ab (LDP-2) Millennium Pharma. CD&UC
TNF-alpha mediated
Chimeric Anti-TNF-factor Ab (infliximab) Centocor & Schering plough CD&UC
Humanized Anti-TNF-factor Ab (CDP571) Celltech CD&UC
TNF-factor receptor fusion protein (etanercept) Immunex CD
P>° TNF-factor binding protein (onercept) Serono CD
CNI-1493 (MAP-kinase inhibitor) Cytokine pharma Science CD
Thalidomide Cellgene CD
CBP-1011 (TNF-alpha antagonist/IL-6 antagonist) InKine Pharmaceutical Co CD
Adalimumab (Anti-TNF-alpha MAb) Abbott UC
Leukocyte Activation
Granulocyte macrophage stimulating factor Immunex CD
Epidermal growth factor CIBG ucC
Keratinocyte growth factor (repifermin) Human Genome Science UC
Interleukin-11 Genetics Institute CD
Anti-CD40 ligand Ab IDEC Pharma CD
Anti-inflammatory cytokine
AGO11 (Interleukin-10) Actozenix CD&UC
CXCR3 axis
CXCR3 antagonist (T487) Tularik and Psoriasis &
Chemo Centryx Rheumatoid arthritis
CXCR3 antagonist (NBI-74330) Neurocrine Biosciences ?
Anti-CXCL10 antibody Medarex UC
Anti-CXCL10 antibody Protein Design Labs CD

Modified with permission from (145)

5.1. Currently available treatments

Conventional therapy employs the most benign
drugs first, adding drugs with more potential side effects
later. The diagnosis of IBD is based on a comprehensive
analysis of an individual’s clinical history; physical
findings; endoscopic, radiologic, and histological features;
and the results of routine laboratory tests. Fortunately, an
expanding number and variety of drugs that target the
inflammatory process, either broadly or selectively, are
effective in controlling IBD and in sustaining symptomatic
remission for prolonged periods. However, these
immunomodulatory drugs are expensive and frequently
toxic. Furthermore, they are not effective in all patients;
many patients suffer from recurrence of IBD, underscoring
the need for improved treatments. The currently available
treatments are listed in Table 2.

The IBD treatments currently available to
clinicians include S5-aminosalicylates, sulfasalazine,
antimicrobial therapy, corticosteroids, immunosuppressive
agents, and monoclonal antibodies (mAbs). There are few
commercially available mAbs, which include natalizumab,
which is a mAb directed against alpha4-integrin, and the
three antitumor necrosis factor (TNF) antibodies, namely,
infliximab, adalimumab, and certolizumab pegol (68-71).
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The 5-aminosalicylate-based compounds have remained a
mainstream first line of treatment for IBD patients. Early
studies have shown that S-aminosalicylate was the
functionally active moiety of this prototypical sulfasalazine
congener. S-aminosalicylate can block the production of
prostaglandins and leukotrienes, inhibits the bacterial
peptide-induced neutrophil chemotaxis, scavenges the
reactive oxygen metabolites, and inhibits the activation of
nuclear factor-kappa B. However, recent evidence suggests
that this agent is ineffective, and routine use is not
recommended (72). Corticosteroids have been commonly
used when 5-aminosalicylate-based compounds were
deemed inadequate. Topical corticosteroids, including
prednisone and prednisolone, have been used for moderate
to severe UC and CD and are highly effective. Azathioprine
and its active metabolite, 6-mercaptopurine, have been
extensively used when corticosteroids are not tolerated or
useful Methotrexate and cyclosporine are also effective
treatments for both UC and CD (73, 74). Recently, a
randomized, double-blinded, placebo-controlled trial was
done using ciprofloxacin and metronidazole for treatment
of perianal fistulas in patients with CD (75). This study
suggested that remission and response occurred more often
in patients treated with ciprofloxacin, but the differences
were not significant (75). The precise mechanism of action
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responsible for the therapeutic effect of these drugs on IBD
remains elusive. However, there is a consensus that the
drugs act by suppressing the activation and generation of
specific and long-lived T helper cells; this suppression
might account for the prolonged time needed to achieve a
therapeutic response and the recurring/relapsing nature of
this disease.

The availability of the prototypical anti-TNF-
alpha antibody agent, infliximab, has offered an important
advance in the therapy for CD (68, 76). Its effectiveness
suggests that TNF-alpha may play a pivotal role in IBD
(77). Infliximab is a  genetically  engineered
immunoglobulin subclass Gl (IgGl) murine-human
chimeric monoclonal antibody containing about 75%
human protein and 25% murine protein. TNF-alpha is a
proinflammatory cytokine, produced by leukocytes, and is
involved at local sites of inflammation and activation of
granulocytes and fibroblasts during CD. TNF-alpha is also
involved in the development of colitis in many murine
models of colitis. Indeed, TNF-alpha levels are elevated in
tissues and secretory fluids produced by mucosal cells of
the LP (78-80). While TNF-alpha produced by CD4" T
cells is neither necessary nor sufficient for induction of
murine colitis, its production by APCs is essential for the
histopathological and clinical signs of colitis (81). It has
also been shown that anti-IFN-gamma antibody treatment
and administration of anti-TNF-alpha antibody or of
soluble TNF-alpha receptor significantly attenuate colitis
development in IL-10" mice (82). The newest
immunosuppressive agent with proven efficacy in CD
treatment, the anti-alpha4 integrin IgG4 antibody
natalizumab, has been efficacious in patients in whom anti-
TNF therapy was ineffective (83). It has been reported that
visilizumab, a humanized IgG2 mAb against the CD3-
epsilon chain of the T-cell receptor, may inhibit the
inflammatory response in IBD by inducing apoptosis of
activated T cells and may have other diverse
immunomodulatory and chemotactic properties (84).

Several other therapeutic approaches have been
used to inhibit Thl polarization in hosts with colitis; these
approaches include monoclonal antibodies against IL12,
IFN-gamma, IL18, and IL2 receptors, as well as against
immunomodulatory recombinant human protein IL10. It is
established that IL12 drives Thl differentiation and
subsequent IFN-gamma production (85). Clearly, IL12,
IL23, and IFN-gamma play a critical role in the induction
and progression of colitis (54, 86-88). Administration of
IL10 to IL107 mice weanlings completely prevented
colitis; however, this treatment produced only a modest
improvement in mice with established colitis (89). Anti-
IL18 and anti-IL12 receptor antibodies may also used for
therapeutic benefit. It has been shown that p40 antibodies
ABT874 and ustekinumab (CNTO1275) were effective in
inducing response or remission in patients with CD, and
reducing the production of IL12, IL23, TNF and IFN-
gamma from lamina propria mononuclear cells (90, 91).
Further, in a mouse T cell mediated colitis model, anti-1L23
monoclonal antibody reverses active colitis (92). The
increased production of IL17 in cases of dextran sodium
sulfate (DSS) colitis and in cases of trinitrobenzene
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sulfonic acid (TNBS) colitis has been reported (93).
Further, attenuation of DSS colitis in IL17-deficient mice
(94) and suppression of the development of DSS colitis
have been reported in inhibition experiments with IL17-
neutralizing antibody (95). Inhibition of the Th17 pathway
may be a promising option for IBD treatment.

Currently in development are several new
biological and pharmaceutical therapeutics that target T
helper cell differentiation pathways, adhesion molecules,
TNF-alpha, leukocyte activation and, most recently, the
CXCR3 axis (29, 96, 97). It has been shown that anti-CD3
antibody can be used to treat UC by producing
accumulation of IL10-expressing FoxP3™ (Trl) cells in the
small intestine and IL10-expressing FoxP3" T cells in the
colonic LP (96, 98). It has recently been postulated that
following anti-CD3 therapy, ingestion of apoptotic T cells
by macrophages and immature dendritic cells results in
production of TGF-beta and that this may be responsible
for the observed generation of Tregs following therapy
(99). Further, inhibitors of histone/protein deacetylase
(HDACs), which are expressed in FoxP3" Tregs and in
HDAC9-deficient mice, have recently been demonstrated
to improve Treg function and increase Treg numbers, and
as a result, the mice are less susceptible to DSS colitis (97).
There are several other known molecular targets, including
the IL2 receptor (targeted by daclizumab and basiliximab)
in UC, the costimulatory molecule CD28 (targeted by the
CD152 fusion protein abatacept) in both CD and UC,
mitogen-activated protein kinases in CD, and the B cell
marker CD20 (targeted by rituximab) in both CD and UC
(100).

6. ANIMAL MODELS OF IBD

In recent years, animal models have been very
useful in elucidating the complex interaction between
genetic and environmental factors that lead to IBD. They
can provide fundamental insights into the importance of
immunologic deregulation and intestinal microbiota (22).
One of the earliest murine models developed for the study
of IBD involves the use of TNBS, which is delivered by
enema to induce Th1l-mediated and CD40-dependent colitis
(101). Another mouse model for IBD involves the
spontaneous development of chronic inflammation in T cell
receptor-alpha  knockout  (TCR-alpha”™), TCRbeta™,
TCRbeta” x TCRS” and MHC™ mice (102). Additionally,
transfer of CD45RB™ T cells to severe-combined immuno-
deficient (SCID) mice results in the development of murine
colitis that is similar to human CD (103). Co-transfer of
CD45RB"™  with CD45RB™ cells blocked IBD
development. IL2" (50) or IL10" mice (48) develop
spontaneous colitis without a single cytokine. Senescence-
accelerated mice (SAMP1/Yit) have been shown to
spontaneously develop colitis that is similar to human CD
(104). In both IL-10”" and SAMP1/Yit mouse models of
CD, Thl cytokines (TNF-alpha, IL12, and IFN-gamma)
mediate intestinal inflammation (105, 106). These
experimental strategies have resulted in a consensus that
increased levels of IL12, a cytokine known to drive Thl
differentiation and IFN-gamma production (85, 107), is
positively correlated with the promotion of colitis in CD
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models. Knocking out the gene encoding IL10, a negative
regulator of IL12, leads to an increased level of IL12 (106)
as well as manifestation of CD-like symptoms. There is
much evidence that neutralizing antibodies against IL12 in
animal models of CD produces a significant reduction in
mucosal inflammation (87, 88), suggesting that both IL12
and IFN-gamma play pivotal roles in the pathogenesis of
CD. These studies indicate that the symptoms in the IL10
knockout mice model are very similar to human CD
symptoms and that therefore this particular model will be a
good model for any biological or SC therapy. Recent
reports suggest that glucagon-like peptide-2 (GLP-2), a
member of a family of glucagon-like peptides that is
synthesized in the enteroendocrine cells of the small
intestine and colon and signals through a G-protein coupled
receptor (GLP-2R), has been shown to reduce intestinal
damage in animal models of small intestinal and colon
cancers (108). Use of GLP-2 for IBD treatment is restricted
by the activity of a serine protease, dipeptidyl peptidase
(DP) IV (109). Further, it has been found that inhibition of
DP activity alone using isoleucyl-cyanopyrrolidine
(P59/99)  or isoleucyl-thiazolidine  (P32/98) can
significantly reduce disease activity in the DSS colitis
model (110). These findings may lead to the development
of new IBD treatment strategies centered on inhibition of
DP activity.

Experiments using two independent,
noncomplementing strains of mutant mice with reduced
epithelial barriers have shown that these mouse models
develop spontanecous colitis (111). Both strains had a
missense mutation in the Muc2 gene. Mutant Muc2 shows
abnormal oligomerization, leading to an endoplasmic
reticulum (ER) stress response in goblet cells that results in
reduced mucus secretion and concurrent elevation of
lamina propria proinflammatory cytokine levels; this
finding suggests that genetic alterations in UC patients may
have led to ER stress and aberrant mucin assembly (111).
Further, in a model of immune deregulation, it has been
demonstrated that genetic predisposition to IBD is caused
by the interaction of several genes (111). Kang ef al. (112)
generated a mouse line with defective IL10 signaling and
defective TGF-8 signaling in T cells and found that these
mice developed a fulminant UC-like disease that was
ameliorated by anti-cytokine therapy. Recent studies have
also focused on the potential link between chronic
inflammation and the process of angiogenesis in the search
for potential IBD therapeutic options (113). Using an
animal IBD model, it has been shown that hepatocyte
growth factor (HGF) can substantially ameliorate the gross
and microscopic progression of IBD and may stimulate
nonpathologic angiogenesis in IBD (114). Further, it has
been found that clinical administration of HGF could be
beneficial in the treatment of IBD either alone or in
combination with immune modulators and anti-angiogenic
medications that reduce pathologic angiogenesis (114).

7. STEM CELL THERAPY FOR IBD
In IBD, both damaged intestinal tissue and

the immune system need to be repaired. Only SC therapy
can simultaneously repair the damaged intestinal tissue and
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correct immunological abnormalities. SCs are essential for
maintaining the integrity of almost all adult tissues. The
precisely planned and controlled differentiation of adult
SCs has great therapeutic potential for tissue regeneration
and treatment of many degenerative diseases. Embryonic
stem cells (ESCs) have pluripotent potential and can
differentiate into intestinal epithelium as well as immune
cells. This dual capacity may allow SCs to restore the
intestinal epithelium as well as the immune balance in mice
with colitis, allowing investigation of protocols that could
be effective in humans. The mammalian small intestine
provides an elegant system for studying aspects of SC
biology, such as control of proliferation and differentiation.
The murine intestine is lined with an epithelial monolayer
that is folded to form crypt and villus structures; these two
types of structures are both physically and functionally
distinct. The epithelia of the small intestine and colon are
the most rapidly proliferating tissues in adult mammals.
The epithelium is renewed every 3-5 days by SCs residing
in the base of each crypt. The SCs first generate the rapidly
cycling transit-amplifying (TA) cells, which divide every
12-16 hrs and generate about 300 cells per crypt per day.
When the TA cells reach the crypt-villus junction, they
rapidly differentiate into the four terminally differentiated
(TD) cell types in the mucosa (115). These cell types are
goblet, enteroendocrine, enterocyte, and Paneth cells.
Paneth cells reside for about 20 days at the crypt base and
are the only differentiated cells that escape the upward
migration (116). The rest of the epithelial lineages migrate
upward from the crypt to the tips of adjacent villi, where
they are extruded (116, 117). The entire intestinal
epithelium is renewed every three days in mice (five days
in humans); this length of time corresponds to the time
needed for a differentiated cell to travel the distance
between the base and the top of a villus, where about 1400
cells are exfoliated per day. These events establish a SC
hierarchy in which SCs with maximum pluripotency and
proliferating potential reside in the SC zone near the crypt
base (116-118). The villus architecture is assumed to
provide an optimal SC niche for SCs to migrate, proliferate,
and differentiate. It has already been reported that SC-niche
interactions are essential for SC proliferation and
differentiation (116, 117, 119). The bone marrow
derivation of pericryptal myofibroblasts in murine and
human small intestine and colon was recently demonstrated
(120). In IBD, SCs could be used for therapy of incoming
SCs respond to factors and cytokines released from
damaged tissue, home to the injury site, and differentiate
into epithelial cells and lymphocytes to modulate tissue
damage and immune response..

Due to advances in our understanding of the
cell populations involved in the pathogenic process and
recent findings on the regenerative, trophic, and
immunoregulatory potential of SCs, hematopoietic (HSC)
and mesenchymal stem cells (MSCs) have captured the
attention of IBD investigators. There has been much
progress due to a number of case reports; the hope is that
the steps used in in vitro and in vivo models can be used to
transfer the SC-based approach directly to human patients.
Further, the immunosuppressive action of SCs would be
very convenient in future clinical applications of these cells
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in IBD. SC-based studies could ultimately lead to the
development of novel drugs that can cure IBD and can
reduce the risk of IBD-associated complications.

MSCs play a central role in coordinating
events related to repair of epithelium damaged by
inflammatory processes. MSCs can be isolated from any of
the connective tissues, including bone marrow and adipose
tissue. The repair process can usually restore normal
intestinal architecture in UC patients, but this is difficult in
CD patients due to excessive fibrosis leading to formation
of strictures and obstructions. Fibrosis in CD is associated
with mesenchymal cell persistence and hyperplasia, tissue
disorganization, and collagen deposition. Recently, it has
been reported that mesenchymal cells derived from bone
marrow SCs may play an important role in repairing
fibrosis (120). The mesenchymal cells (intestinal
subepithelial myofibroblasts) regulate proliferation and
differentiation of the epithelial cell basement membrane, as
well as extracellular matrix metabolism (121). These cells
also cooperate in sensing pathogens and actively participate
in immune responses and in the induction of tolerance (122,
123). Inflammatory cytokines and growth factors, such as
TGF-beta, IGF-1, and EGF, control the expression of
matrix metalloproteinase (MMP) and of tissue inhibitors of
metalloproteinases (TIMPs) in these cells and have been
shown to be elevated in the inflamed mucosa of IBD
patients (124). In inflamed IBD tissues, the expression of
MMP-1-3 and 9 is increased relative to that of TIMP-1 and
2. The MSCs control the mucosal repair process by
extracellular matrix manipulation and release of cytokine
and growth factors. The repair process involves restitution
in response to minor to moderate injury when the basement
membrane remains intact. It is not known how the balance
between MMPs and TIMPs is maintained. However, it has
been demonstrated that blocking TGF-betal in cultures of
intestinal biopsies may upregulate the expression of MMP-
3, but not of TIMP-1, suggesting that TGF-betal may also
play a critical role in IBD tissue remodeling (125). The
MSCs accelerate the proliferation and migration of residual
epithelial cells over denuded areas by releasing TGF-beta,
EGF, bFGF, and various inflammatory cytokines. In
response to deep tissue injury, MSCs proliferate to form a
new basement membrane over the epithelial cells and then
proliferate and migrate to repair all epithelial tissues
(Figure. 2). It has also been demonstrated that MSCs have
the ability to non-specifically modulate the immune
response through their antigen-presenting abilities and
through the suppression of dendritic cell maturation (126).
In addition, MSCs significantly ameliorated the clinical and
histopathological severity of colitis by decreasing the level
of inflammatory cytokines and increasing the level of IL10
(127). It has been demonstrated that human adult stem cells
(hASCs) derived from adipose tissue have the capacity to
suppress acute inflammatory autoimmune responses in
mice by inhibiting inflammatory and Thl responses by
increasing IL10 secretion; thus, these cells have emerged as
attractive candidates for cell-based IBD treatments (127).
MSCs can modulate the innate immune response, inhibit
dendritic cell differentiation and maturation, act on resting
NK cells, and decrease the respiratory burst and apoptosis
of neutrophils. MSCs have been shown to trigger
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generation of Tregs and to directly induce antigen-
dependent Treg proliferation (128, 129, 130). Further,
Lanzoni et al (130) reported that MSC can be isolated from
intestinal mucosal tissues are able to perform trophic and
immunomodulatory functions. These works suggest that
MSC may serve as a candidate therapy for patients who
have failed to respond to biological therapy.

HSCs are multipotent and are able to restore
the entire hematopoietic compartment after myeloablation.
HSCs can be obtained in large quantities and have been
used clinically for years. Trans-differentiation of HSCs into
other cell types remains in question, but it is increasingly
apparent that HSCs can form endothelial precursors and
therefore may be an optimal source of SCs for intestinal
repair (131). It has been shown that donor cells from
human bone marrow transplants were present in many
recipients’ tissues (132). HSCs possess migratory capacity;
these cells migrate directly to the injury site and
differentiate into the epithelial and immunomodulatory
elements that are unique to the intestinal compartments,
leading to tissue recovery and restoration of the normal
mucosal system (133). The potential of HSCs in the
treatment of IBD is currently being analyzed in clinical
trials.

ESCs have the potential to give rise to any
of the hundreds of cell types in the human body, raising
exciting new prospects for biomedical research and for
regenerative medicine. ESCs are the subject of a significant
area of research with promise for the future treatment of
inflammatory disease. The unique pluripotent ability of
ESCs has drawn many scientists to utilize ESCs to study
the mechanisms by which congenital or acquired diseases
occur (134). The ability to generate clinically relevant
numbers of defined cell populations has provided us with
the basic elements for tissue repair and regeneration.
Although most scientists agree on the potential of ESCs, it
has also become clear that pluripotency is a double-edged
sword; the same plasticity that permits ESCs to generate
hundreds of different cell types also makes them difficult to
control. It has been reported that ESCs ameliorated
piroxicam-induced colitis in IL107 mice (135); this study
has shown that in vitro pre-differentiated ESCs migrated
and homed exclusively to the colon, small intestine, and the
liver; engrafted for the long term; reduced inflammation
and tissue damage; and restored immune balance (135).
More recently, it has been found that gingival-derived
MSCs (GMSCs), isolated from human gingival, can
function as an immunomodulatory and anti-inflammatory
component of the immune system in vivo, and could be a
promising source for cell based therapy in experimental
IBD (136).

7.1. HSC transplantation advances in cell therapy

The long-term management of IBD depends
on the intensity of disease, location, endoscopic severity,
clinical manifestations, and complications due to other
forms of disease. Many cellular and molecular pathological
pathways have previously been identified as therapy targets
(72). The available therapies do not produce responses in
all patients, and non-responding patients are frequently
forced to pursue a surgical option, although surgical
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intervention still will not resolve the disease (72). Because
there are currently no curative options, an approach based
on SCs could drive major changes in disease management
and treatment. It is well known that impairment of the
control of intestinal immune cell function and turnover
plays a central role in the deregulated and protracted
inflammatory response in IBD. A high-dose immune
ablation regimen might allow detrimental T-lymphocytes to
be eliminated, and after HSC transplantation,
hematopoiesis might generate naive cells that can restore
tolerance. Patients receiving HSCs are in the process of an
immune system reboot. The HSC-transplanted patients
probably experience an autoreactive response, and the
immune system is almost completely replaced. Although
the susceptibility to relapse of CD is eliminated, IBD
patients may remain in permanent remission if they are not
exposed to the appropriate trigger in the future. Based on
these concepts of IBD therapy, several cases have been
reported to show long-lasting remission in IBD patients.

The first case of CD regression after
autologous HSC transplantation for hematopoietic
malignancy was reported in 1993 (137). Since then, more
cases have been reported, and in 1996, one UC patient and
two CD patients treated for coincidental malignancies
experienced remission from IBD after high-dose
chemotherapy and autologous HSCs (138). After these
reports, a large number of CD patients undergoing
allogeneic transplantation for hematological malignancies
were reported. Among these CD patients, one become
inactive for at least 15 years without any
immunosuppressant, and in other CD patients, pathology
showed that the disease became inactive (139). Recently,
complete normalization of the CD Activity Index (CDAI)
was reported after HSC transplantation in two patients with
severe, non-responsive, infliximab-resistant CD (140, 141).
A phase I clinical trial involving refractory CD patients
showed clear evidence of recovery after autologous HSC
transplantation (142). In another clinical trial on the safety
and efficacy of HSC transplantation using autologous
adipose tissue-derived stem cells (ADSCs) showed
complete healing of fistulas in six out of eight patients,
when a total epithelialization of the external opening was
evident (143). Furthermore, it has been shown that
allogeneic transplantation of either HSCs or MSCs can
populate the injured regions of the colon with similar
ability in a TNBS-induced experimental colitis (EC) rat
model and that this improved gross morphologic EC scores
(144). All of the above studies on HSC transplantation
therapy for IBD encourage many scientists to think
seriously about this route for long-term disease
management. It has been suggested that allogeneic HSC
transplantation could prevent and cure IBD and that long-
lasting remission can be achieved following autologous
HSC transplantation (120).

8. CONCLUSION AND FUTURE PROSPECTS

Although increasing evidence suggests that
intestinal flora, abnormal immune response, and luminal
antigens are involved in the pathogenesis of IBD, to date,
no specific bacterial pathogen has been identified as a
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cause of this disease. The intermittent and aggressive
pathological presentation affects the quality of life of these
patients. Many agents targeting TNF-alpha, leukocyte
adhesion, Th1 polarization, T-cell activation, and CDP571,
as well as other therapies, are being evaluated, but the
results and effectiveness of these approaches are still in
question. The inadequacy of conventional therapy (145) has
motivated investigators to develop a novel approach to treat
IBD effectively; advances in an alternative approach, such
as SC-based therapy, could drive a major change in the
lives of these patients.

IBD may be the result of severe cellular
infiltrates and is linked with irregularities in the immune
system and normal gut flora or an overall autoimmune
deregulation in T cells. The behavior of classical immune
cells appears to be deregulated in IBD patients. T
lymphocytes and macrophages are considered central
effector cells responsible for release of various cytokines,
which are responsible in inflammation. Abnormal epithelial
and endothelial cell function occurs in the pathogenesis of
IBD. It is known that intestinal epithelial cells (IECs) are
able to function as nonprofessional APCs and that defective
expression of molecules implicated in the expansion of
Tregs may cause failure in inhibition of the immune
response. Colonic intestinal subepithelial myofibroblasts,
juxtaposed with the bottom layer of epithelial cells, play a
role in inflammation and wound healing in the intestine. On
another note, SCs derived from bone marrow have been
shown to differentiate into all of the intestinal lineages and
have become invaluable in clinical research. In mouse
models and IBD patients treated for coincidental
malignancies, bone marrow-derived cells of donor origin
contribute to tissue repair in areas of epithelium,
endothelium, and myofibroblasts subject to inflammation.
Currently, both HSC transplantation and MSC
transplantation in IBD patients are under evaluation in
phase III clinical trials. Furthermore, reprogrammed
induced pluripotent stem cells (iPSc) from fibroblasts,
which are functionally equivalent to ESCs, as well as cord-
blood derived HSCs and placenta-derived MSCs, could be
attractive therapeutic options for IBD. Cellular therapy with
SCs is revolutionizing the focus of treatment of many
serious diseases, and we hope that combining SC-based
therapies with sensible disease management will allow IBD
to be easily treated in the near future. Meanwhile, studies
seeking to understand the different facets of IBD will
eventually lead to the development of new and useful
therapies for this disease.
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